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abstract: Whether ecological differences between species evolve in
parallel with lineage diversiﬁcation is a fundamental issue in evolutionary biology. These processes might be connected if conditions that
favor the proliferation of species, such as release from competitors, facilitate the evolution of novel ecological relationships. Despite this,
phylogenetic studies do not consistently identify such a connection.
Conversely, if higher diversity caused species to become increasingly
specialized ecologically, then lineage diversiﬁcation might become
dissociated from ecological diversiﬁcation. In this analysis, we ask
whether the rate of lineage diversiﬁcation in a large clade of birds is
correlated with morphological specialization and with rates of morphological evolution. We ﬁnd that morphological variation is related
to species richness within clades but that rates of morphological evolution are decoupled from the rate of lineage diversiﬁcation. Additionally, morphological specialization within lineages is independent of
the rate at which lineages diversify, with the results apparently robust
against false negative inference. This dissociation is likely a consequence of the major ecomorphological differences between avian clades
arising early in their evolutionary history, with comparatively little variation added subsequently, while avian diversiﬁcation has been driven
predominantly by geographic isolation and sexual selection. Accordingly, biodiversity appears to be limited by the extent to which taxa
can subdivide exploited regions of ecological space and not just overall
ecological opportunity.
Keywords: macroevolution, birds, morphology, BAMM.
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tween phenotypic diversity and species diversity is deeply
rooted in paleontological studies (Simpson 1953; Eldredge
1971; Raup 1985; Foote 1994), but molecular phylogenies
are increasingly being used to evaluate the connection between diversiﬁcation and morphological evolution (Rabosky
2013). Phylogenetic comparative methods provide a nuanced
view of variation in diversity (Pennell et al. 2014; Simões et al.
2016), for example, by identifying cases in which morphological diversiﬁcation is independent of the rate of lineage proliferation (dispariﬁcation; Ciampaglio 2004; Simões et al. 2016).
Challenges remain, however, as when rates of speciation and
morphological evolution are not directly linked but are independently elevated by a shared extrinsic factor, thereby
appearing to be connected (Pennell et al. 2014). We can identify such instances and determine the general correlation between rates of speciation and morphological evolution by
evaluating this relationship across disparate clades (Foote
1994).
Elevated species richness within clades reﬂects rapid diversiﬁcation and/or great age (McPeek and Brown 2007;
Wiens 2011). Morphological variation is also expected to increase over time within clades (Foote 1997; Ricklefs 2004;
Adams et al. 2009), as, for example, adaptive radiations are
deﬁned by a correlation in species proliferation and diversiﬁcation of ecologically relevant traits (Schluter 2000). Moreover, morphological divergence may be driven by cladogenic
events (Bokma 2008). Rates of lineage diversiﬁcation and accumulation of morphological variation should, therefore, be
correlated, but this relationship is not consistently identiﬁed.
An apparent lack of such a connection might be due, for example, to climate-driven geographic isolation increasing
species richness but not morphological variation (Adams
et al. 2009). Additionally, rates of these processes may be
decoupled depending on the relationships between species
(O’Meara et al. 2006). For example, when morphologically
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similar taxa are consistently identiﬁed as sister taxa, the rate
of lineage diversiﬁcation is unlikely to be correlated with the
rate of morphological evolution, even though clades may
have varying speciation rates (O’Meara et al. 2006). Processes that shape diversity and disparity within a clade
can be characterized by interpreting the origins of patterns
of species and morphological richness. For example, if morphology tends to diversify disproportionately early in the course
of a radiation (i.e., the greatest differences are between distantly related taxa), then morphological disparity will be
partitioned between, rather than within, subclades (Harmon et al. 2003). Conversely, if the taxa within a particular
clade are adapted to a range of ecophysiological conditions,
then intraclade variation will be greater (Harmon et al.
2003).
Understanding the connection between morphological
diversiﬁcation and species diversiﬁcation is potentially confounded by diversity-dependent morphological evolution
(FitzJohn 2010). Increasing species richness is thought to
drive ﬁner partitioning of resources between species to permit their coexistence (Hutchinson 1961; MacArthur and
Levins 1967), thereby favoring increased morphological specialization (Futuyma and Moreno 1988). Morphological specialization generally results in species becoming more tightly
packed within morphological space rather than expanding
the space itself (Ricklefs 2012), meaning that little additional
variation is generated. In turn, this characteristic process
might reduce estimated rates of trait evolution—sometimes
referred to as niche conservatism (Ackerly 2009)—and could
lead to a dissociation between species richness and morphological diversity. Although species diversity can be incorporated into models of changing speciation rate (Rabosky and
Lovette 2008), this is not always possible (FitzJohn 2010),
and accounting for how changing diversity affects, and is affected by, morphological traits is challenging (McPeek 2008).
Independent assessment of the correlation between speciation rate, morphological diversiﬁcation, and ecological spe-

cialization might help us to understand the processes that
have shaped modern biodiversity.
Here we determine whether rates of morphological evolution with respect to size and shape are associated with
changes in the rate of lineage diversiﬁcation across 11 orders of birds and whether rate of lineage proliferation is correlated with degree of specialization. We measured morphological traits of more than 2,000 species and estimated
rates of morphological evolution using Bayesian phylogenetic comparative methods. We also used linear regressions
to test whether species richness is a signiﬁcant predictor of
morphological variation.
Methods
We assembled morphological data on 2,074 species from
11 orders of birds (table 1). We used dial calipers and wing
rules to measure seven external traits: wing length, tail length,
tarsus length, middle toe length, beak length, beak depth,
and beak width, with the species values being the average
of the sexes. Specimens were measured at the Field Museum
of Natural History, Chicago. Species in the orders Passeriformes, Cuculiformes, Psittaciformes, and Columbiformes
were measured by R. E. Ricklefs; those in Piciformes, Coraciiformes, Coliiformes, Trogoniformes, Bucerotiformes, Accipitriformes, and Falconiformes were measured by N. M. A.
Crouch. The morphological data are deposited in the Dryad
Digital Repository: https://doi.org/10.5061/dryad.8fq4mf6
(Crouch and Ricklefs 2018); data on additional taxa are
available from Ricklefs (2017). These measurements have
been shown to reﬂect differences in foraging maneuvers and
substrates as well as diet (Ricklefs and Travis 1980; Miles
and Ricklefs 1984; Miles et al. 1987; Ricklefs and Miles
1994). Thus, we believe that these traits are correlated with
ecological relationships more generally (Ricklefs 2012). Prior
to analysis, we log transformed the measurements to normalize their distributions (Ricklefs 2005). We quantiﬁed a shape-

Table 1: Orders, the number of species included in the analysis, and the proportion of each order sampled
Order
Columbiformes
Cuculiformes
Piciformes
Psittaciformes
Passeriformes
Coraciiformes
Coliiformes
Trogoniformes
Bucerotiformes
Accipitriformes
Falconiformes
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Group name

No. species in study

Proportion species sampled

Doves and pigeons
Cuckoos
Woodpeckers and allies
Parrots
Songbirds
Kingﬁshers and allies
Mousebirds
Trogons
Hornbills and allies
Hawks and eagles
Falcons

13
9
54
16
1,623
120
6
30
50
117
36

.038
.053
.144
.043
.258
.663
1.000
.682
.704
.470
.554
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independent metric of size for each species by calculating the
geometric mean of its log-transformed measurements (Mosimann 1970). We then used the size variable to calculate
log-shape ratios as isometric variables of shape (Mosimann
1970; reviewed by Klingenberg 2016). We reduced the dimensionality of the data by performing two principal component analyses, one with no correction for phylogenetic
relationship (PC) and a second phylogenetic principal component analysis (phyPC) using the R package phytools
(Revell 2012).
We used two deﬁnitions of morphological variation in
this study. First, we quantiﬁed a three-dimensional volume
occupied by each order in morphological space (Cornwell
et al. 2006; Díaz et al. 2016). We calculated volumes using
the convhulln function in the R package geometry (ver. 0.36; Habel et al. 2015). The convhulln function computes the
smallest convex hull that encompasses a set of points in ndimensional space. As hull sizes cannot be reliably estimated
when there are fewer data points (species in the study) than
the number of dimensions of the volume, we used the ﬁrst
three PC axes to deﬁne volumes. Second, we calculated a multivariate metric of morphological disparity—the sum of the
variances on each shape dimension (Foote 1991; Guillerme
2018). We calculated disparity values using the R package
dispRity (Guillerme 2018). Both metrics of variation were
calculated using the PC and phyPC data, respectively.
We estimated three proxies for morphological specialization. First, we quantiﬁed the distance between the center of
morphological space, or morphospace, deﬁned by all seven
PC axes and the position of each individual species. Species
located further from the center of the morphological space
presumably are more specialized morphologically because
their morphologies restrict them to forage in speciﬁc manners or on particular substrates. This is a versatile metric of
specialization, with the position of species in morphological
space used previously to quantify specialization in ﬁsh
(Belwood et al. 2006), lizards (Losos et al. 1994), and birds
(Ricklefs 2005, 2012). Our second deﬁnition quantiﬁed the
uniqueness of the region of morphospace that each species
occupies. Previous analyses have revealed how separation
in morphospace can represent ecological differences between groups (Butler et al. 2007). Here we presume that
species occupying more unique regions of morphospace
are morphologically more specialized. Accordingly, we counted
the number of the 11 ordinal convex hulls that contained
each individual species, with the minimum number being 1,
that is, that of the order in which that species occurs. Finally,
we quantiﬁed the distance between each species and its nearest
neighbor in morphospace (nearest neighbor distance [NND];
Foote 1990). We calculated the distance using the R package
distances (Savje 2018), incorporating all seven PC axes. All
three proxies for specialization were calculated using the
PC and phyPC data, respectively.

We estimated lineage-speciﬁc rates of morphological
evolution for the ﬁrst three PC and phyPC axes, as well as
overall size, using Bayesian analysis of macroevolutionary
mixtures (BAMM; Rabosky 2013, 2014; Rabosky et al. 2014a).
Phylogenetic data for these analyses came from Harvey
et al. (2017), who constructed a maximum clade credibility
(MCC) tree from the genetic-only analysis of Jetz et al.
(2012). To create taxonomic overlap with our morphological data, we ﬁrst removed taxa from our analysis that were
not included in the phylogenetic data owing to an absence
of genetic information or because of differences between
our taxonomy and that of Jetz et al. (2012). Some species
were not considered by Jetz et al. (2012) if they had been recently split—for example, the hoopoe Upupa epops is now
three species (adding Upupa africana and Upupa marginata)—or had recently become extinct, as in the case of
the huia (Heterolocha acutirostris) of New Zealand. Next,
we pruned the phylogenetic data to match the species in
the subset of morphological data, which left 1,589 species.
Using these taxa, we ran BAMM for all three axes using four
Markov chain Monte Carlo chains at a temperature of 0.55,
a swap period of 1,000, and a write frequency of 2,000 for
100 million generations, which produced parameter effective sample sizes (ESS) greater than 250. We ran the analysis
twice, changing the expected number of prior shifts from 0
to 100 to estimate sensitivity to speciﬁed priors (Rabosky
et al. 2017). From these analyses, we calculated the mean
rate of morphological evolution for each terminal taxon, using the R package BAMMtools (ver. 2.1.6; Rabosky et al. 2014b).
We tested for correlations between speciation rates and
our morphological variables using structured rate permutations on phylogenies (STRAPP; Rabosky and Huang 2016).
STRAPP uses replicated correlation tests between trait values
and diversiﬁcation rates, estimated from BAMM, to detect
effects of trait values on lineage proliferation. In this study,
the trait values were either mean rates of evolution (size, PC
axes 1–3, phyPC axes 1–3) or our proxies for morphological
specialization (using both PC and phyPC data), resulting
in 13 correlations to be tested. We used diversiﬁcation estimates of Harvey et al. (2017), who employed BAMM to
estimate three sets of speciation and extinction rates from
taxa for which genetic data were available in the analyses
of Jetz et al. (2012). The three estimates differed with respect to their underlying taxonomic data, with the number
of taxa ranging between 6,060 and 6,670. We investigated
the effect of these taxonomic differences on our results by
testing for correlations between our morphological variables with the three speciation rate estimates separately.
In addition to BAMM estimates of speciation rate, we
calculated the diversiﬁcation rate (DR) statistic of Jetz et al.
(2012). The DR statistic reﬂects the number of branching
events preceding each terminal branch in a phylogeny and
the branch lengths between them (Jetz et al. 2012; Harvey
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et al. 2017). We calculated the DR statistic for 100 complete
phylogenies (9,993 species) sampled randomly from the posterior distribution of Jetz et al. (2012) and calculated the
mean DR value for each terminal branch using code provided
by Harvey et al. (2017). We applied phylogenetic least squares
(PGLS) regression to test for a relationship between DR
values and rates of evolution of body size, the ﬁrst three PC
axes, and the three proxies for specialization using both the
PC and phyPC data. PGLS estimates were performed using
the R package phylolm (Ho and Ané 2014), by which we
could compare the results of each regression between six different phylogenetic covariance models.
Analyses of individual PC axes can lead to erroneous interpretations of biological processes, as they are subsets of
complex multivariate patterns (Uyeda et al. 2015). A potential solution is to calculate multivariate metrics of morphological variation (Guillerme 2018) and rates of evolution
(Adams 2014; Adams and Collyer 2018). Here we tested
whether multivariate rates of evolution varied between orders
using the R package phylocurve (Goolsby 2016). Additionally,
we used dispRity to calculate multivariate disparity through
time for the PC and phyPC data, supplemented with univariate analyses of PC axes, size, and morphological specialization using the package geiger (Harmon et al. 2008).
To test whether morphological variation within each order is related to its number of species, we estimated linear
regressions between the number of species and our two proxies for morphological variation, that is, convex hull size and
morphological disparity. We performed PGLS and non-PGLS
regressions and compared the results with and without the
passerines (Passeriformes), as the exceptional diversity of
this order might confound the results. Additionally, to test
whether sampling affected the estimated relationship between morphological variation and number of sampled
species, we performed a moderated regression, which describes how the effect of a predictor variable on a dependent
variable is conditioned on an external variable. Here the external variable was the proportion of species sampled per
order (table 1), calculated using taxonomic information
from both the August 2017 Clement’s checklist (Clements
et al. 2017) and the taxonomy used by Jetz et al. (2012).
As in the case of the unmoderated regression, we derived
models with and without passerines and compared the ﬁts
of the moderated and unmoderated regressions using Akaike
information criterion (AIC) scores. In all regressions, species diversity and morphological variation were log transformed. To predict the conﬁdence intervals for the moderated regression, we used sampling rate values derived from
a decay function, as sampling rates are lower for large
clades. This relationship took the form y p a ⋅ exp(2b ⋅ x),
where y is the sampling rate, x is clade size, a is the sampling
rate when x is 0, and b is the rate of decay. We deﬁned a as
the mean sampling rate for each order, excluding passerines,
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and a value of b that most closely matched the decrease in
sampling rate (supplemental material, available online in a
zip ﬁle). We used the same parameters for the regressions
with and without passerines included. All regressions used
the full data set of 2,074 species.
Results
Geometric mean size scores ranged between 0.88 and 2.11,
reﬂecting the large range in body size among the study species. The smallest species, the short-tailed pygmy tyrant
(Myiornis ecaudatus), weighs approximately 4 g, while the
heaviest species, the ground hornbill (Bucorvus abyssinicus), can reach 4 kg (Dunning 2007). Compared between
nonphylogenetic and phylogenetic PC analyses, the ﬁrst three
axes explained 92% and 80% of the variation, respectively.
However, this was disproportionately loaded onto PC1 in
the nonphylogenetic analysis—75%, compared to 55% in
the phylogenetic analysis. Additionally, the two analyses
differed in the loadings of the seven morphological measurements onto the three axes (table 2).
For both PC and phyPC data, the placement of the orders
tended toward the center of morphospace (ﬁg. 1A). Few
orders overlap the very center of the morphological space,
and some extend more peripherally into regions occupied
by no other orders. Location in morphospace is driven, at
least in part, by ecology, as in the case of adaptations to a
predatory lifestyle in the Accipitriformes (hawks and eagles)
and Falconiformes (falcons). The order Passeriformes, the
perching birds, dominated the center of morphospace, over-

Table 2: Loadings of the seven morphological traits on the ﬁrst
three principal component (PC) axes of the two different data
treatments: PC data, with no phylogenetic correction, and a
phylogenetic-based approach (phyPC)
Data, measurement
PC:
Beak width
Beak depth
Beak length
Wing length
Tail length
Tarsus length
Mid-toe length
phyPC:
Beak width
Beak depth
Beak length
Wing length
Tail length
Tarsus length
Mid-toe length

PC1

PC2

PC3

.46
.67
2.03
2.24
2.24
2.44
2.18

2.24
.41
2.74
2.06
2.03
.33
.34

.33
2.18
2.51
.31
.59
2.29
2.26

2.84
2.86
.23
.79
.66
.73
.42

.53
2.48
2.18
2.00
2.04
.06
.12

2.08
.02
2.09
2.24
2.61
.32
.78
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Number of overlapping order hulls

Distance from center of morphological space

Nearest neighbor distance

Figure 1: A, Convex hulls deﬁning the regions of phylogenetic principal component (PC) morphospace occupied by 10 of the orders included
in this study, viewed from three perspectives. Passeriformes were excluded, as this order encompasses most of the other orders. B, Number of
order-level convex hulls that overlap the positions of individual species. C, Distribution of the distances of individual species from the center of
the morphological space. D, Distribution of nearest neighbor distance scores. PC data is where no phylogenetic correction was used in the PC
analysis (n p 2,074), and phyPC data is where a phylogenetic-based approach was employed (n p 1,598).

lapping with six other convex hulls in both data sets. Only
the Coliiformes (mousebirds) occupied a unique region of
morphospace, albeit only for the PC data (table A1, available
online). There was general concordance in number of hull
overlaps between PC and phyPC data, except for the Coliiformes and Coraciiformes (kingﬁshers and allies).
The maximum number of convex hulls (orders) that included the position of an individual species was ﬁve, but only
in the case of the phyPC data (ﬁg. 1B). The distribution of
individual species within the morphological space shows
a general clustering toward the center with both PC and

phyPC (ﬁg. 1C). This is broadly consistent with previous
results (Ricklefs 2012), except that fewer species are found
right at the center of the morphological space. As a result of
these patterns, the number of hulls that a species overlaps is
negatively related to its distance from the center of the morphological space; species that overlap with only one or two
hulls are generally peripheral, although the PC and phyPC
data differ somewhat in this respect (supplemental material). NND scores were also right skewed (ﬁg. 1D) but were
uncorrelated with the distance from the center of morphospace (Pearson’s r p 0:38 and 0.47 for the PC and phyPC
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data, respectively). The taxa closest in morphospace were
the gray-cheeked thrush (Catharus minimus) and Sharpe’s
akalat (Sheppardia sharpei). Conversely, the species in the
most unique region of morphospace—that is, that with the
largest NND score—was the streak-headed woodpecker
(Lepidocolaptes souleyetii). Overall, hull size was independent of its distance from the center of morphospace (calculated as the mean of the distances of its constituent taxa) for
both PC and phyPC data.
None of the 13 STRAPP analyses identiﬁed a signiﬁcant
correlation between speciation rate and the corresponding
morphological component (ﬁgs. 2, 3). Varying the BAMM
prior on number of rate shifts from 0 to 100 did not change
this result, nor did the use of different speciation rate es-
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timates from the taxonomic sets of Harvey et al. (2017)
(supplemental material). We therefore tested whether our
result might have represented a high false negative rate.
To do so, we assigned simulated tip values to three logtransformed speciation rate categories: low (less than 22.25),
mid (equal to or greater than 22.25, equal to or less than
21.25), and high (less than 21.25). Values for these categories were drawn from three normal distributions with
means of 5, 6, and 7, respectively, each having a standard deviation of 1. We tested for a correlation between these simulated trait values and the speciation rates using STRAPP, repeating the procedure 100 times. This approach suggested
few false negatives, with a mean estimated correlation of
0.39 (P ! :05) from the 100 simulations (supplemental

Figure 2: Posterior distribution of the correlation between log-transformed speciation rate and the rate of evolution of overall size and the
ﬁrst three principal component (PC) axes. PC data is where no phylogenetic correction was used in the PC analysis (n p 2,074), and phyPC
data is where a phylogenetic-based approach was employed (n p 1,598).
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Figure 3: Posterior distribution of the correlation between log-transformed speciation rate and the three proxies for specialization: the distance from the center of morphological space
(A), the number of overlapping convex hulls (B), and nearest neighbor distance scores (C). PC data is where no phylogenetic correction was used in the principal component analysis
(n p 2,074), and phyPC data is where a phylogenetic-based approach was employed (n p 1,598).
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material). When the difference in the means of the standard
deviations was reduced from 1 to 0.5, the mean correlation
decreased to 0.22, but each of the simulations was still estimated to be signiﬁcant at the P ! :05 level. This suggests
that the statistical approach used here can detect even subtle
differences in character values between rate regimes, reinforcing the result that morphological variation is unaffected
by changing speciation rates. To further validate this ﬁnding,
we calculated the g statistic, which describes departure from
constant diversiﬁcation, for each order and compared it
against the mean specialization scores for each order, ﬁnding
no signiﬁcant relationship (ﬁg. A1; ﬁgs. A1–A9 are available
online).
BAMM speciation rate estimates were uncorrelated
with the DR statistic (Pearson’s r p 20:001, n p 1,598).
DR values were estimated to correlate with only two morphological variables at the 0.05 level, both using phyPC data:
morphospace uniqueness and PC3 (table 3). The effect size
for PC3 was, however, vanishingly low (0.008), suggesting
that little emphasis should be placed on this relationship.
Conversely, the effect size for morphospace uniqueness was
relatively higher at 0.3. A positive correlation implies that
species in less unique regions of morphospace have lower
diversiﬁcation rates.
Estimates of multivariate rates of morphological evolution differed between the taxonomic orders (ﬁg. A2), although these estimates were extremely low for all orders,
ranging between 0.0003 for passerines and 5E205 for Cu-

Table 3: Phylogenetic least squares estimates for the relationship
between the diversiﬁcation rate statistic and the different
morphological variables
Data, variable
Size
PC:
PC1
PC2
PC3
Morphospace
Morphospace
NND
phyPC:
PC1
PC2
PC3
Morphospace
Morphospace
NND

Model
OU

uniqueness
position

uniqueness
position

Estimate

P

.009

.93

OU
OU
Lambda
Lambda
Lambda
Lambda

2.006
.003
2.002
2.135
2.013
2.006

.23
.45
.21
.25
.32
.18

OU
OU
Lambda
Lambda
Lambda
Lambda

2.006
2.008
.008
.300
2.017
2.006

.27
.36
!.01
.02
.20
.14

Note: Model refers to the best-ﬁtting model out of the six tested. In each
case, the best-ﬁtting model had an Akaike weight of 1. Estimate is the calculated slope of the regression, and P is the estimated signiﬁcance of the slope.
NND p nearest neighbor distance; OU p Ornstein-Uhlenbeck.
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culiformes (cuckoos). The average of rates among orders
(0.0001) appears broadly equivalent to the rate for the individual axes estimated by BAMM (ﬁg. A3). This averaged
rate is, for example, an order of magnitude smaller than that
estimated for a radiation of Anolis lizards (0.003; data from
Mahler et al. 2013). The rates are low because most of the
morphological variation is partitioned between, and not within,
the different orders. This is corroborated by high phylogenetic signal: l values (Pagel 1999) and Moran’s autocorrelation scores calculated across the entire phylogeny, for the
ﬁrst three PC and phyPC axes and for our three proxies for
morphological specialization. Values for l ranged between
0.68 and 0.97, with a mean of 0.86, and Moran’s autocorrelation scores ranged between 0.01 and 0.05, with a mean of
0.03 (ﬁg. 4), with all variables estimated to be signiﬁcantly
higher than expected. Deep partitioning of morphological
variation is also demonstrated by the multivariate disparitythrough-time plot falling well below a general decay of variation (ﬁg. A4; univariate plots shown in ﬁgs. A5–A7). The
shape of the disparity-through-time plots and the high phylogenetic signal are consistent with an early burst model of
evolution (supplemental material). However, the partitioning of variance is less pronounced for the uniqueness of species’ position in morphospace and NND scores, which have
the lowest signal for early partitioning (ﬁg. A7) and lowest
phylogenetic signal scores (ﬁg. 4). Partitioning of morphological variation between orders produces morphological
rate-through-time plots that appear invariant (ﬁg. A3), with
an effect detectable only if the rate of evolution is extremely
high (supplemental material). This is in contrast to estimated
speciation rates, which showed marked variation through
time (ﬁg. A4), as well as variation between orders (ﬁg. A8).
Model ﬁt improved signiﬁcantly when the order sampling rate—the proportion of described species included
in the analysis—was included in regressions between species diversity and the two metrics of morphological variation (table 4). The strength of support for the moderated regressions was only moderately lower when passerines were
excluded. Which taxonomic data were used, Clements or
Jetz, did not inﬂuence the result, as the two were highly correlated in total species richness (Pearson’s r p 0:99) and,
therefore, sampling frequency (Pearson’s r p 0:99; supplemental material). The results of the PGLS and non-PGLS
regressions were indistinguishable. Clade age did not inﬂuence the ﬁt between morphological variation and species richness (ﬁg. A9; see also supplemental material). The moderated regressions suggest that Coraciiformes (kingﬁshers and
allies), Bucerotiformes (hornbills), Psittaciformes (parrots),
and Columbiformes (pigeons and doves) have more morphological variation than expected; however, support for
this ﬁnding differed between the two metrics of morphological variation and taxonomic sampling (ﬁg. 5). There was
more consistent evidence that Accipitriformes (hawks and
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Figure 4: Distribution of the six morphological variables on a single phylogeny sampled from Jetz et al. (2012). Variables were standardized
to enable comparison on a single ﬁgure. The variables were standardized by subtracting the mean variable score from each species score and
then dividing each variable by its standard deviation. Values after each morphological variable correspond to the mean l value of phylogenetic signal and Moran’s auto-correlation coefﬁcient. The ﬁgure was created using the R package ggtree (Yu et al. 2017). NND p nearest
neighbor distance.

eagles), Falconiformes (falcons), and Coliiformes (mousebirds) have less variation than expected (ﬁg. 5).
Discussion
Our analyses show that speciation rate among a wide range
of evolutionary clades of birds is not correlated with rates of
evolution of morphological size and shape or with three
proxies for morphological specialization: distance from the
center of morphospace, uniqueness of species’ positions in
morphospace, and NND. This result does not likely reﬂect
a high false negative rate in our statistical approach. Dissociation between the morphological variables and speciation
rate results from major ecomorphological differences between orders arising very early in their evolutionary history,
which is demonstrated by high phylogenetic signal of traits
(ﬁg. 4), low estimates of multivariate rates of morphological

evolution (ﬁg. A2), disparity-through-time plots (ﬁg. A4),
and simulations (supplemental material). We do ﬁnd a relationship between clade size and morphological variation, an
expected result given that both are correlated with clade age
(Ricklefs 2006), but clade age appears unrelated to the dissociation between morphological variation and species richness. Morphological radiation shortly after the beginning of
avian evolutionary history resulted in the early establishment
of major avian body plans, demonstrated in the fossil record
by extinct taxa such as Septencoracias morsensis (Bourdon
et al. 2016), a species of roller from the Eocene, and Tsidiiyazhi
abini (Ksepka et al. 2017), a mousebird from the Paleocene.
Although a number of studies suggest long-term maintenance of ecomorphological differences between lineages (Harmon et al. 2003, and references therein), the dissociation of
speciation from morphological evolution is surprising in
the context of some previous analyses. Molecular phyloge-

Table 4: Model support for the eight regressions between morphological variance and species richness
Passerines included
Variance measure
Hull size
Disparity

Passerines excluded

Moderated

Unmoderated

Moderated

Unmoderated

.00 (.99)
.00 (.96)

9.00 (.01)
6.44 (.04)

.00 (.96)
.00 (.93)

6.31 (.04)
5.27 (.07)

Note: Values shown are the difference in Akaike information criterion between moderated and unmoderated regressions in the
four comparisons, with Akaike weights shown in parentheses.
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Figure 5: Relationship between species richness and convex hull size (top row) and morphological disparity (bottom row). Regressions are
split to show with passerines included (left) and excluded (right). Conﬁdence intervals are from moderated regressions. Parameter estimates
from each regression are shown in the supplemental material.

nies frequently exhibit slowing diversiﬁcation toward the
present, which is generally attributed to the ﬁlling of ecological space (McPeek 2008; Phillimore and Price 2008; Rabosky and Lovette 2008; Rabosky 2013). This interpretation
implies an association between rates of lineage diversiﬁcation and diversiﬁcation with respect to ecomorphological
traits. However, this is not supported by our analyses. Instead, slowdowns in lineage diversiﬁcation do not appear
to follow from the ﬁlling of ecomorphological space. Rather,
morphospace appears to be colonized rapidly and is then
more ﬁnely subdivided as speciation continues (Van Valen
1985; ﬁg. 1). Rapid ﬁlling of morphospace early in the history of individual clades creates high phylogenetic structure
(where closely related taxa are, on average, more similar than
expected), low rates of morphological evolution at the tips of

the phylogeny, and dissociation with speciation rate in these
branches (O’Meara et al. 2006; Adams et al. 2009). This pattern has implications for the way we understand limits to biodiversity: species diversity is not constrained only by the
available ecological space but also by the propensity of species to partition the space.
The high phylogenetic structure of morphological variation among birds, and its subsequent effect on analyses such
as ours, is also likely inﬂuenced by the prevalent mechanism
of avian speciation. Birds apparently achieve species status
predominantly in allopatry (Phillimore et al. 2008), meaning that although closely related species potentially are subject to different environmental conditions, competition between incipient species exerts little selective pressure to
evolve divergent morphologies (West-Eberhard 1983; Price
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1998). Additionally, if avian diversiﬁcation were inﬂuenced
by sexual selection and/or vocal learning, then displayrelated traits embodied in the plumage might evolve quickly,
while other structural traits might not (Barraclough et al.
1995; Owens et al. 2005; Mason et al. 2016). Apparent exceptions are lineages that exhibit high evolvability (Rabosky
2013; Pennell et al. 2014); for example, Hawaiian honeycreepers and Darwin’s ﬁnches show exceptionally high rates
of cranial evolution (Tokita et al. 2016). Such isolated instances will not, however, inﬂuence the general results of
comprehensive macroevolutionary analyses. Moreover, although the propensity for daughter species to come back
into sympatry likely varies between lineages and geographic
regions, our extensive taxonomic sampling should have
mitigated this effect.
The disconnect between rate of morphological evolution
and rate of lineage evolution appears unrelated to lineage
specialization. One might expect, for example, that more
rapidly diverging lineages would be more specialized given
the ecological pressure of a diverse collection of closely related species. Instead, our proxies for specialization also
show reasonably high phylogenetic structure (ﬁg. 4), suggesting that species’ position in morphospace is also established early in the group’s evolutionary history. This position does appear, however, to be constrained through time.
After an initial period of diversiﬁcation, disparity-throughtime plots for our proxies for specialization show positive
morphological disparity index scores (ﬁg. A7), indicating
the greatest differences to be between more closely related
taxa. We suggest this is reﬂective of lineages partitioning
resources within their established regions of morphospace.
These changes are not, however, sufﬁcient to produce signiﬁcant correlations with changing speciation rates. We did
identify a signiﬁcantly positive relationship between the DR
statistic and morphospace uniqueness, but although the result
makes intuitive sense, we are not convinced of the strength of
this result owing to the noise in the result and the error rate in
the method. For example, the DR statistic of the chestnutwinged babbler (Stachyris erythroptera) implies that this
lineage is diversifying 13 times faster than that of the whiteﬂanked antwren (Myrmotherula axillaris), yet both are found
in a region of morphospace deﬁned only by their own order.
Moreover, testing for correlations using the DR statistic at
this taxonomic scale has low type I error (correctly accepting
null hypothesis when there is no relationship) but also has
very high type II error (incorrectly accepting null hypothesis
when it is false). We suggest a fruitful means by which future research can explore this question further is through the
direct incorporation of extinct taxa. Doing so will not only
allow reﬁnement of diversiﬁcation rate estimates through
time (Mitchell et al. 2018) but also provide greater insight
into how lineages have shifted within morphospace and
whether this movement implies differing specialization.

As species richness and morphological diversity are both
dependent on clade age, we expected them to be correlated
(Ricklefs 2006), as also shown here. Accordingly, groups
that deviate from this relationship can be used to derive hypotheses about which factors stimulate or hinder morphological diversiﬁcation. The moderated regressions described
here suggest that the Falconiformes (falcons), Accipitriformes (hawks and eagles), and Coliiformes (mousebirds)
have less morphological diversity than expected (ﬁg. 5), suggesting that they have diversiﬁed under strong ecomorphological constraint. Birds of prey generally remain within
narrow cranial (Bright et al. 2016) and postcranial (Zeffer
et al. 2003) morphological bounds for efﬁcient capture and
handling prey. The reduced diversity within Coliiformes
reﬂects, to some extent, extinction of diversiﬁed taxa, with
the group showing a greater variety of species and forms in
the fossil record (Ksepka and Clarke 2010; Mayr 2013). Our
results also suggest that multiple orders have greater than
expected variation. For the orders Coraciiformes (kingﬁshers and allies) and Bucerotiformes (hornbills), we suggest
this is due to ecology. Coraciiform species, ranging from
the ecologically diverse kingﬁshers and bee-eaters to motmots and todies, vary more than predicted owing to ecological differentiation between the constituent families, whereas
variation within the order Bucerotiformes is driven by disproportionate differentiation in size among its constituent
taxa. We hesitate to draw strong conclusions regarding the
orders Columbiformes (pigeons and doves) and Psittaciformes (parrots); although sampling rate is accounted for
in the models, these orders have extremely small samples
in our data set (table 1).
Our results might change with increased taxon sampling,
but we believe the risk is low because of the broad diversity
among the taxa included in our analyses. Sampling more
species would change individual scores for both metrics
of specialization used here, as these metrics are inﬂuenced
by differences between species. Indeed, some morphological variation has not been included; for example, within
the Cuculiformes (cuckoos), the two species of roadrunner
(Geococcyx), absent from our sample, represent morphologies distinct from all other species in the order. However,
for additional taxa to substantially change our results, they
would have to contribute variation in excess of that already
present in the data. Therefore, given that the species included
are highly diverse ecologically, we believe our result to be resilient against the effect of additional sampling.
A core prediction in evolutionary biology is that ecological variation within a diversifying lineage increases in parallel with species diversity. However, ecologists also predict
that as this process continues and available ecological opportunities become limited by competition, the rate of lineage diversiﬁcation should slow. To the contrary, we found
in this study that rates of morphological evolution, repre-
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senting ecological diversiﬁcation, were uncorrelated with
rates of lineage diversiﬁcation across a diverse set of avian
taxa. Possibly, increasing competition between taxa in increasingly diverse communities causes lineages to become
increasingly specialized. However, we also found that speciation rates were unrelated to three proxies for morphological specialization. This result is consistent with an alternative mechanism for colonizing ecological space—whereby
this space is ﬁlled rapidly early in the history of a clade history and becomes more ﬁnely subdivided as lineage diversiﬁcation continues (Van Valen 1985). This theory implies
that species diversity is not limited solely by the ecological
opportunity but also by the ability of species to subdivide
resources, thus enriching our understanding of the origin
of biodiversity.
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“Of the many beautiful orioles that inhabit Tropical America, only two—the Baltimore and the orchard—range northward through the
Eastern United States. In the west, several kinds reach our southern borders, but Bullock’s [illustrated] is the only one that proceeds further
north. . . . It inhabits all the wooded portions of the Rocky Mountain and Paciﬁc regions of the United States; in most of its range it is
separated from the habitat of the Baltimore by the intervening treeless Central Plateau, though the two species approach closely, if indeed
they may not be found together, along the Upper Missouri.” From “Bullock’s Oriole” by Elliott Coues (The American Naturalist, 1871, 5:678–
682).
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